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ABSTRACT
In this project we, for the first time, integrated microfluidics with thermo-plasmonics.
While microfluidics is a popular platform allowing experiments with small volumes of fluid,
thermo-plasmonics can be used for powerful particle manipulation including capturing, mixing,
filtering and projection. Combined, these two techniques give us an opportunity to work with
numerous complex fluids containing particles, cells, and micro-beads. Here we designed,
developed and tested several devices demonstrating various aspects of this exciting hybrid
technology. This required use of soft lithography, metal deposition, 3D printing, oxygen plasma
treatment and several other surface modification techniques. Additional challenges were in the
fabrication of a multi-layer chip with several types of surfaces binding at several interfaces. The
detailed design optimization was conducted, and many characteristics of the microfluidic channel
were varied. After that, optimal flow patterns were determined using high-quality syringe pumps.
An experiment with the simultaneous flow of two colored solutions through the same microfluidic
chip demonstrated controlled laminar flow with minimal mixing. Next, thermo-plasmonic
experiments were conducted in optimized micro-fluidic channels. Efficient capturing of microbeads were demonstrated using low power green laser with a wavelength 532 nm. In future, these
experiments have many important applications including separation of bacteria from blood on a
microfluidic chip. This might help with treatment of sepsis, analysis of blood pathogens and better
prescription of antibiotics.
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CHAPTER 1: INTRODUCTION
1.1 Microfluidics for Biological Applications
Since 1980’s microfluidics has been used for various biological applications. This
important technology allows manipulation of small volumes of fluids, various biological samples
and numerous reagents. Design of microfluidic devices requires careful optimization taking into
consideration many important small-scale phenomena, such as surface tension, energy dissipation
and fluid resistance. Usually, microfluidics operates at conditions supporting laminar flows
minimizing unwanted mixing of fluids in the channels and allowing to controllably mix through
diffusion. Further development of microfluidics resulted in the creation of a variety microfluidic
platforms, such as miniaturized total analyses systems (µTAS’s) and Lab-on-chip (LOP’s). These
complex systems were designed to perform various tests focused on DNA analysis, biophotonics,
cell behavior and many more. In addition to that, microfluidics found applications in drug delivery
systems optimized for better control over the dosage and period of delivery. Also, microfluidics
can be used for improved delivery of drugs through the skin using microneedle arrays (Riahi et al.,
2015). Furthermore, microfluidics plays an important role in chemotaxis examination of microbes.
This can be done very efficiently by creating concentration gradients of drugs in diffusion-based
devices (ZANG et al., 2017). Another type of microfluidics - droplet-based microfluidics - helps
with more precise control over the variety of fluids with well-defined chemical compositions and
precisely measured volumes. The droplet-based microfluidics is widely used in the fields of
biomedical engineering and food engineering.
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Traditional fabrication of microfluidic devices has been done using soft lithography,
etching, micromachining and several other microfabrication-based methods. Faster and newer
methods include 3D printing of molds for microfluidic devices followed by one-step fabrication
of PDMS channels. The utilization of 3D printing in microfluidic fabrication simplifies the design,
allows to use low-cost materials and greatly speeds up prototyping (Ho, Ng, Li, & Yoon, 2015).
1.2 Microfluidics for Bacterial Analysis
One of the very important applications of microfluidics is an analysis of bacteria in case of
bacteria-caused diseases. For example, one of such conditions is - bacteremia - the presence of
bacteria in the normally sterile blood. Even such low concentration of bacteria as just 10-100 CFU
in 1 ml of blood can be an indicator of sepsis, life-threatening condition. The traditional approach
to sepsis diagnosis requires a blood culture allowing to increase the number of bacteria to simplify
detection. The prompt antibiotic prescription is critical, since sepsis results in a rapid and
destructive response of the immune system towards the infection damaging tissues and organs,
with as high as 30% mortality rate. With the delayed diagnosis, sepsis can lead to a septic shock,
with a mortality rate as high as 80% (Jawad, Lukšić, & Rafnsson, 2012). Treatment for sepsis
requires broad-spectrum antibiotics injections, and intravenous fluid required to maintain blood
pressure. Current blood culture based lab testing requires days, what can greatly delay proper
treatment and increase morbidity and mortality. Therefore, there is a great need in prompt sepsis
diagnosis and prescription of right antibiotics. It is further complicated by the fact that there is a
continuous increase in antibiotic resistance, and the drugs that previously worked well do not
produce the desired effect anymore.
In addition to sepsis, there is a variety of other bacterial diseases, such as urinary tract
infection, endocarditis, bacterial pneumonia and many more. Most of them are still diagnosed and
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treated using the culture of the biological samples followed by antibiotic susceptibility testing.
Alternatively, ELISA and polymerase chain reactions can be applied for identification of the
micro-organisms, but the sample preparation still requires time-consuming culturing (Etayash,
Khan, Kaur, & Thundat, 2016).
Microfluidics can be used as an alternative approach to biological testing allowing to avoid
urine and blood culturing. One of such approaches is based on photothermal infrared spectroscopy
combined with cantilever optimized for capturing bacteria using receptors attached to its internal
surface (Etayash et al., 2016). It is optimized to detect bacteria in blood samples with high
selectivity and sensitivity. In addition to that separation of bacteria from biological samples using
microfluidics have been studied extensively. For example, bacteria can be very efficiently isolated
from blood samples by lysing blood cells and collecting the microorganisms (Zelenin et al., 2015).
Alternatively, magnetic nanoparticles (MNP) coated with a synthetic ligand optimized for
capturing E. coli can be used to capture bacteria in microfluidic channels using permanent magnet
next to the channel. As a result, blood freely flows though the microfluidic channel, while MNP
with attached E.coli accumulates next to one of the walls of the channel (J. J. Lee et al., 2014).
This method works well at the beginning, but then accumulating particles start clogging the
microfluidic channel. In addition to that, the isolated product is a conjugate of bacteria and
magnetic nanoparticles and not the whole bacteria. Therefore, further antibiotic susceptibility
testing is challenging.
Bacterial isolation from whole blood was also demonstrated by the use of elasto-inertial
microfluidics where elastic and shear forces make the blood cell components, to separate from
significantly smaller bacterial cells (Faridi et al., 2017; Wu, Willing, Bjerketorp, Jansson, & Hjort,
2009). However, the limitation of this method it’s a very slow flow rate (60 µl/h). Currently, it
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takes 17 hours to process 1 ml of blood. There is a similar approach based on Dean Flow
fractionation has been used to separate bacteria from diluted whole blood. The microfluidic
channel is designed the way that the lateral drag forces push the blood cells and the bacteria
towards two different outlets at the end of a very curved channel (Mokin et al., 2016). This method
works very well for a specific size and shape of the bacteria, however, small variations require
significant changes in the device geometry. Another variation of this approach is based on 3D
printed helical microchannels with trapezoid cross-sections also show their application in detection
of pathogenic bacteria combined with Magnetic Nanoparticle Clusters (MNCs). The conjugate of
Magnetic Nanoparticle Clusters with E.coli can be separated with the help of Dean Drag Forces in
the presence of sheath flow (W. Lee et al., 2015). Several microfluidic fractionation devices have
been designed for separation of heat-killed and fluorescently labeled bacteria from undiluted whole
blood, while other focus on separation of leukocytes and platelets (Raub, Lee, & Kartalov, 2015).
Additionally, other blood components can be separated in space using proper microfluidic
optimization (Jain & Munn, 2009; Wei Hou et al., 2012). Finally, another important area where
bacterial separation is critical is food safety. For example, E.coli can be detected in a variety of
food ranging from spinach to milk (Wang et al., 2012).
Despite the advancements of microfluidics in bacterial separation, still, there are a number
of limitation preventing commercialization of such devices. One of the most frequent problems is
related to the sample preparation since usually the pathogens can be identified only if blood cells
(erythrocytes, leukocytes and platelets) are removed, and high purity separation of low
concentration of bacteria is still very challenging (Zelenin et al., 2015). Another problem related
to microfluidics is low throughput. The very low concentration of bacteria in blood and urine
samples requires rapid processing of several milliliters of fluid, however traditional microfluidic
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devices usually operate in microliters/hour regime (D. K. Kang et al., 2014). Our goal is to increase
the throughput while maintaining high purity of the separated bacteria and high separation
efficiency. Because of that, we plan to integrate microfluidics with thermos-plasmonics (more
details in the next section).
1.3 Thermo-plasmonics
Thermo-plasmonics is based on heat generation in a metal structure due to plasmonic
absorption. Optical trapping, optofluidics, nano-scale heating, sensing of biological particles and
many more applications have been demonstrated with the help of thermo-plasmonics. In addition,
it can be used to create nanotweezers, critically important for the field of particle trapping, colloidal
physics, such biological applications as DNA aggregation (Roxworthy, Bhuiya, Vanka, &
Toussaint, 2014), and many others.
Early thermo-plasmonics was focused on heat generation using optically absorbing nanostructures. For example, modeling of convection currents induced by photo-heating a single gold
disk predicted fluid velocities in nm/s range (Miao, Wilson, & Lin, 2008). Later experiments
demonstrated that localized heating of plasmonic structures could produce the predicted laminar
toroid convection pattern (Chen, Kang, Kong, & Ho, 2015). One of the benefits of thermoplasmonic trapping is that it requires much lower power than traditional optical tweezers. It’s very
important for biological samples sensitive to the high light intensity and temperature increase
above 37°C. Trapping of polystyrene beads particles and live cells with a low power density has
been demonstrated using random plasmonic nano-islands (Z. Kang et al., 2015). Capturing of
E.coli by asymmetrical nanoantennas patterned on a glass substrate and producing strong intensity
gradients was also published (Righini et al., 2010). Also, trapping and rotation of small spherical
particles (0.11 µm in diameter) have been done with the help of plasmonic nanopillars, when the
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rotation was controlled by rotating the linear polarization of the input beam. Finally,
thermophoretic tweezers were used to capture live cells and polystyrene beads with a very low
laser power (Lin, Peng, & Zheng, 2017).
In this research, we plan to combine thermo-plasmonic size-based separation of bacteria
using low-intensity light with high throughput microfluidics allowing to separate streams of fluid
capturing bacteria from the streams with biological samples. We plan to optimize the dimensions
of the microfluidic channel for pumping high volumes of fluid without introducing turbulence.
Laminar flow in combination with the gentle concentration of bacteria on one side of the channel
will be used for high-speed bacteria separation. Thermo-plasmonics allows to capture a wide
variety of bacteria independently of their shape, therefore this approach will be very general.
However, our primary goal is to demonstrate the feasibility of microfluidics combined with
thermo-plasmonics, since it will enable the whole variety of different biological applications. Here
we will focus on fluids with polystyrene microbeads, and the biological samples will be left for
the future work.
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CHAPTER 2: RESULTS
2.1 PDMS – Glass Experiment
The first microfluidic device was fabricated using a 3D printed mold. Then PDMS channel
was attached to a glass slide using oxygen plasma treatment. After that, the device was connected
to a syringe pump and laminar flow was demonstrated for the optimized microfluidic channel. This
experiment required two different colored solutions of dyes (red and blue). The solutions, when
injected by the syringe pump with a flow rate of 100 µl/min, showed that the two dyes moved with
a distinct boundary between each other with no turbulence or mixing between the streams as shown
in Fig 2.1 and 2.2. This validates that laminar flow can be supported by the channel. The
schematics of the experimental setup is shown in Fig. 2.3.

Figure 2.1 Laminar flow demonstration. Red and blue dye solutions injected into the channel. Two
layers of red and blue solutions can be seen without any mixing demonstrating the laminar flow.
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Figure 2.2 Zoomed laminar flow demonstration. Zoomed image of the microfluidic channel
demonstrating two streams propagating without mixing.

Blue dye entering

glass
PDMS

red dye entering
Figure 2.3 Schematic view of laminar flow experiment. The experimental setup showing two
inputs and two outputs with two different colored dye solutions.
2.2 Demonstration of Thermos-plasmonic Trapping
After a demonstration of the microfluidic chip with a laminar flow, our next task was to
demonstrate thermos-plasmonics on a specially designed substrate – microscope slide covered
with a metallic bi-layer. In the experiment, the suspension of microbeads (Polyspherex TM
Polystyrene Microspheres, 20µm diameter) was dropped on the thermo-plasmonic substrate using
a micropipette. To create a confined configuration similar to a microfluidic channel we used two
glass slides with a coverslip on top. The microscope with magnification 10x was used to study the
microbead bead movement in the suspension. When the green laser (532 nm) was shining on the
substrate from the bottom, microscope imaging showed the gradual clustering of the beads.
Initially, the beads started to move towards the laser spot as shown in fig 2.4 (a), forming a cluster.
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When we moved the optical fiber to a different position (towards the center), then the beads started
clustering at the central point fig 2.4 (e). During the whole experiment, the laser power was
gradually increased from 15 mW to 110 mW to see different regimes of particle manipulation
clustered beads. The most controllable bead trapping was at the laser power of 40 mW.
a)

b)

d)

c)

e)

f)

Figure 2.4 Thermo-plasmonic capturing of microbeads on the gold surface. a), b), c), d) The
beads start to cluster around the heating point. e), f) Heating spot is shifted to a new position
leading to the beads from older cluster to form a new cluster near the new laser spot
9

2.3 Combining Microfluidics with Thermos-plasmonics
The thermos-plasmonic substrate was integrated with a microfluidic channel, and then we
demonstrated that thermos-plasmonic trapping is feasible in running fluid. The bead suspension
(PolyspherexTM Polystyrene Microspheres, 20µm diameter) was injected at 100 µl/min inside the
two inlets via the syringe pump. This experiment was focused on identifying the power of the laser
at which the beads start to form a cluster (aggregate) when the fluid was running at different fluid
velocities and when we stopped the fluid flow. It was demonstrated that without flow the beads
are captured by laser power of 25 mW. However, when the fluid flow inside the channel is 100
µl/min the beads started to aggregate with the minimum laser power being little greater than 100
mW.
Next, we decided to reduce the pump rate of the bead suspension to 50 µl/min from 100
µl/min. The same procedure was repeated, we let our channel fill and once we stopped the inflow
of the fluid inside the channel, the minimum laser power at which the bead solution started
aggregating when the fluid flow was stopped was 25 mW, which is the same as when we ran our
fluid at 100 µl/min. Further, when we resumed the fluid flow inside the channel at 50 µl/min the
beads started to aggregate with the minimum laser power at 70 mW as shown in Fig 2.5(c). Also,
an interesting result is shown in fig 2.5(d), where the beads aggregate at a displacement with
respect to the laser light spot. This lead to the formation of distorted convection current pattern or
a distorted toroid shape as shown in fig 2.6 in comparison the symmetric toroid current observed
in standing fluid.
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a)

b)

d)

c)

Figure 2.5 Thermo-plasmonic capturing of beads inside of the microfluidic channel. a), Clustering
of beads on the gold surface when there is no running fluid. b), c) Laser spot shifted and the beads
break the old cluster, simultaneously fluid was resumed for running leading to the formation of a
big cluster. d), In the absence of light, the beads start to cluster at a slight distance from the laser
point and leads to the formation of distorted convection currents displaying a distorted toroid
convection pattern
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a)

b)

Glass

Cr

Au

Glass

Cr

Au

Figure 2.6 Convection current patterns. a) Symmetric convection current pattern due to plasmonic
heating of the gold substrate, standing water. b) Distorted toroid pattern in running fluid with offcenter trapping of the particles.
2.4 Challenges
During integration of microfluidics with thermos-plasmonics we were facing numerous
challenges including new chemistry for surface modification along with the challenges related to
microscopy. While oxygen plasma treatment is a good way for binding of glass with PDMS, but
it does not work for the binding of the PDMS with the gold slide. So, MPTMS {(3Mercaptopropyl) trimethoxysilane} was used as a treatment given to gold slide followed by
oxygen plasma treatment is given to the PDMS and coverslip. These treatments result in a strong
binding of substrate to the PDMS microchannel.
The microscopy was also a great challenge. The viewing window had to be in such a way
that the microscopic focus was proper and focused on the particles (beads) which form a layer on
the gold slide. For this we had to make sure that the PDMS that we use is thin and secondly, to
overcome the microscopy challenge, we cut a small window through PDMS to the gold slide which
gave a proper microscopic focus on the beads.
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CHAPTER 3: METHODS
3.1 PDMS Preparation and the Mold Design
The plastic molds were designed by using the 3-D printing. Different dimensions of the
molds were designed for PDMS – glass experiment and PDMS – gold experiment. The PDMS
polymer was made with the help of elastomer and curing agent in the ratio of 1:10 respectively.
The solution was mixed properly with a clean spatula for 3-5 minutes and then poured into a clean
petri dish which had the 3-D mold present in it the center. Careful consideration was given when
the PDMS solution was poured on top of the mold to make sure that PDMS solution fills just above
the mold and should not be overly filled in because of two things, firstly there becomes a chance
of the extra PDMS solution poured coming out of the Petri dish while degassing the PDMS and
secondly we don’t want our PDMS to be thick which is the biggest challenge when we focus our
microscope on it. The petri dish was then transferred to the incubator where degassing was done
for 3-4 times to make sure there were no bubbles before baking the PDMS. Baking was done at 65
degrees for 60 minutes. The baking temperature was limited 70 degrees to avoid the deformation
of the 3-D plastic mold.
After baking, the PDMS mold was taken out of the heating chamber and the 3-D mold was
pulled out of the PDMS by gently cutting the PDMS with a scalpel.
3.2 PDMS Mold – Glass Experiment
Prior to the experiment, it was made sure that the glass and the PDMS mold were
precleaned with Acetone, Isopropanol, Methanol and by distilled water for glass and PDMS was
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rinsed by ethanol and distilled water. Set up the heating chamber to 60 ⁰C prior to curing PDMS
to the glass.
PDMS was kept inside the Oxygen plasma chamber where the oxygen plasma treatment
was done for 30 seconds. The PDMS was taken out of the plasma chamber carefully with clean
gloves and PDMS oxidized surface was joined to the glass. Air bubbles should be avoided to be
trapped during this bonding and if there are still any more bubbles, very gently try to get it out.
Without any delays, the PDMS – Glass substrate was kept inside the heat chamber for 20 – 30
mins at 60 ⁰C. This is done to reinforce the bonding between the PDMS and glass. The PDMS
mold- glass substrate was taken out of the heat chamber after 30 mins. The laminar flow
experiment was then initiated by making 2 holes on the inlet of the PDMS. The syringe pump was
used to pump the sample inside the channel.
Two colored dye solutions (blue and red) were taken for each inlet respectively. The
syringe pump pumped these two dyes in each respective channel with fluid velocity at 100 µl /
min. The fluid was stopped when the fluids reached the outlet.

Figure 3.1 PDMS-Glass binding.PDMS binding to the glass using the oxygen plasma treatment
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Figure 3.2 Laminar flow experimental setup.The Red and the blue dyes are pumped inside the
channel using the syringe pump at 100 µl / min
Syringes

Microfluidic channel

Glass
substrate

Syringe pump
Inlets

PDMS

Figure 3.3 Schematic representation of PDMS mold - glass experiment. The diagram shows how
the fluid is pumped in the channel using syringes attached to the inlet of the channel via the tubes
(in black)
3.3 Capturing Beads on Gold Slide
The capturing of beads (PolyspherexTM Polystyrene Microspheres, 20µm diameter) was
done on the glass slide covered with metallic bi-layer. The experiment involved a clean glass
substrate mounted by a gold slide. On top of the gold slide, two glass slides were placed in such a
way so that a channel is formed in between the two glass slides on top of the gold slide. The bead
solution was then dropped using a micropipette on the center of the channel and a coverslip was
put on top of it. The laser with a power of 40 mW was focused on the bottom of the glass substrate
15

focusing on the sample and the camera of the microscope recorded the movement of the particles
shown in the figure. The laser was turned off after the result was recorded.

Figure 3.4 Thermo-plasmonic substrate. The suspension of the beads is dropped on the substrate
using micropipette.
3.4 PDMS – Gold Slide Binding using MPTMS
MPTMS {(3-Mercaptopropyl) trimethoxysilane} treatment was given to gold slide since it
acts as a molecular adhesive and has 3 methoxy (-OCH3) functional end groups that bind to the
oxide surface and the thiol (-SH) binds to the metals. The MPTMS solution to be deposited on the
gold slide was prepared by adding 69 µl of MPTMS in 15 ml of ethanol in a clean petri dish making
it as 25 mM. The MPTMS deposited gold slides were then incubated at room temperature for 120
minutes. After incubation, the gold slides were rinsed with ethanol and left to dry. Following this,
the gold slides were then immersed in 0.1 M HCl for 60 minutes and then rinsing it with deionized
water and waiting to dry. The PDMS mold was put in the plasma chamber where it was treated
with the oxygen plasma treatment and then gently put on the MPTMS treated gold slide. The
PDMS and gold slide conjugate was then immediately transferred for heating where it was heated
for 60⁰C for 2 hours. Holes were injected into all 4 arms of the channel (2 inlets and 2 outlets).
16

The 2 inlets were attached to the syringe pump in which the 2 syringes were loaded with the bead
solution injected with the infuse rate 100 ul/min. The laser power ranged from 25 mW to 100 mW.

Figure 3.5 Gold slide -PDMS substrate assembly

Figure 3.6 Gold – PDMS microfluidic device. The microfluidic device made with 3-D mold and
PDMS on the gold slide
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Oxygen-plasma treatment
MPTMS
coating
Cover slip

PDMS
Gold covered
slide

Green
Laser

Figure 3.7 Schematic representation of gold slide–PDMS–Coverslip binding. It shows the oxygen
plasma treatment required for binding of cover slip and PDMS. For binding of PDMS with gold
covered slide we need MPTMS treatment.
Syringes
tubes

outlet

inlet

Gold slide
tubes

Syringe
PDMS

Figure 3.8 Schematic representation of the gold-PDMS experiment. The fluid from syringe pump,
pumps in the PDMS channel via the tubes (in black) on the gold slide and then is pumped out using
the tubes inside the beaker
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CHAPTER 4: CONCLUSION
Here we demonstrated the first attempt to integrate microfluidics with thermoplasmonics.
We developed new fabrication approach using 3D printing, new multi-layer binding protocols and
surface modification using MPTMS {(3-Mercaptopropyl) trimethoxysilane}. We also
demonstrated that different flow regimes in microfluidics must be compensated by different laser
power. The design of our device shows various advantages over traditional microfluidic devices,
in terms of high throughput, high speed of operation and no specific geometry required for different
size and shape particles/cells. Here we demonstrated the first prototype capturing beads in
suspension (PolyspherexTM Polystyrene Microspheres, 20µm diameter) with a low power green
laser with a wavelength of 532 nm. We experimentally demonstrated that capturing of particles is
possible both in standing and in running fluid, and the higher fluid velocity has to be compensated
by higher laser power. In future, we plan to work with a wider variety of particles and next switch
to biological samples and bacteria separation.
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